The Eastern Scheldt tidal basin has changed drastically in the past five centuries under the influence of both human interventions as well as extreme events. In 1530 A.D. a storm-surge inundated large parts in the landward end of the basin, and in the following four centuries local inhabitants reclaimed about as much land as was inundated in that storm. To investigate the effects of these processes on basin morphology, several different simplified geometries of the basin are used in order to gain insight into the evolution of the tidal currents over the centuries. From this model it appears that the large-scale inundations cause the basin to scour to greater depth. This in turn causes the ebb-tidal delta to grow, and causes the disappearance of the tidal watershed between the Eastern Scheldt and the Grevelingen tidal basins. Land reclamations have not been able to turn these trends around.
Introduction
The Eastern Scheldt (Figure 1 ) is the original mouth of the Scheldt River but lost its river influence during the 14 th and 15 th centuries due to the connecting and scouring of the Western Scheldt. The mouth of the Eastern Scheldt obtained its present-day location around 4000 B.P. and has remained in more or less the same location ever since. The tidal basin was flanked on either side by two barrier islands, with intertidal mudflats and salt marshes in the elongated tidal divides behind those islands. The Eastern Scheldt basin and ebb-tidal delta have seen large changes in both shape and size over the last six centuries. Especially the configuration of the tidal basin has been dramatically changed by human influence as well as extreme events. These changes have not only had their impact on the system of flats and channels within the basin, but also on the shoals and channels of the outer delta.
This research is part of a larger ongoing study which aims to increase knowledge on the Dutch Delta coast and its interaction with the tidal basins connected to it. We hope that a better understanding of the historical evolution of this basin gives more insight into processes that dominate in the present-day situation. To investigate the evolution of the overall sediment balance and the large-scale configuration of the basin and the outer delta, historical observations and data regarding bathymetry, land reclamations and inundations are analyzed. This analysis is used to form hypotheses on possible links between different developments inside the basin and on the outer delta. These hypotheses are then tested using a twodimensional numerical flow model (Delft3D) of the Eastern Scheldt with a highly simplified geometry.
Historical evolution of basin and outer delta

Land reclamations and inundations
References to inhabitation of the islands around the Eastern Scheldt date back as far as Roman times. Starting from the end of the Middle Ages, the local inhabitants have made a continuous effort to reclaim the mudflats surrounding the islands (Figure 2) . By 1500 A.D. most of the flats around Tholen and Duiveland had been reclaimed (Wilderom, 1964) . During the 15 th century, the southern shore of Schouwen island began to erode under the attack of the newly-formed Hammen channel. This erosion continued until the end of the 16 th century (Beekman, 2007 , was located in the eastern part of the basin. Along with this, Noord-Beveland and parts of Tholen became permanently flooded. Over the course of the next 100 years most inundated parts of Noord-Beveland and Tholen were reclaimed again. However, a large part of Zuid-Beveland (± 95 km 2 ) remained inundated (Van den Berg, 1986) . During the 17 th century (the Dutch "Golden Age"), approximately 60 km 2 was reclaimed around the Eastern Scheldt alone. However, most of this activity was merely reclaiming some of the land that was lost in the floods of 1530 and 1532. In the 18 th and 19 th centuries the rate at which new polders were built was lower than before. However, the polders themselves became much larger. At the start of the 20 th century, the basin area stabilized and remained more or less constant until the second half of the century (Figure 3) . 
Morphological changes within the basin
At the beginning of the 15 th century, the Eastern Scheldt was a relatively shallow tidal basin. It was connected to neighboring basins through several shallow tidal watersheds. The connection to the Scheldt River in the eastern part of the basin silted up after the Western Scheldt became connected to the river. Eventually both connections between the Eastern and Western Scheldt were closed off with dams during the 19 th century. After the cataclysmic floods in the years 1530 and 1532, the morphology began to change. The main channels in the middle part began to scour. This scouring continued without interuption until the completion of the storm-surge barrier in 1986. According to Haring (1978) , approximately 265 million m 3 of sediment were exported in the period between 1872 and 1950. In the rest of the Eastern Scheldt the increase in tidal volumes resulted in sedimentation on the flats and banks.
Before the 18 th century the connection between the Eastern Scheldt and the Grevelingen tidal basin to the north consisted of a broad shallow area known as the Zijpe. Historians have reported that in the 16 th century people could cross this area on foot at low tide. However, at the beginning of the 18 th century this tidal watershed began to scour, and by the end of the century the Zijpe had reached a depth of more than 20 meters. Due to this deepening, the tidal influence of the Eastern Scheldt began to reach into the landward end of the Grevelingen, known as the Volkerak. This process further increased the tidal prism, amplifying the scouring in the Zijpe and Eastern Scheldt channels. Van den Berg (1986) hypothesizes that the initial scouring was due to the deepening of the Eastern Scheldt channels, which increased the propagation speed of the tidal wave. According to Van den Berg (1986) , the increase in phase difference across the Zijpe connection in favor of the Eastern Scheldt caused the tidal watershed to be pushed into the Grevelingen.
Ebb-tidal delta development
Descriptions of the ebb-tidal delta of the Eastern Scheldt from before 1800 are rather sketchy. Until around 1600 A.D. the outer delta consisted of a large shoal, called the Banjaard, which stretched out from the beach of Schouwen, and was bound on the south by the Roompot channel. Apparently there were no channels running through this shoal. This situation changed at the end of the 16 th century, when the first charts appeared that displayed a channel separating the shoal from the beach of Schouwen. During the next century this single channel split up into at least two more channels cutting through the northern part of the Banjaard shoal. Around 1650 A.D. a fourth channel, called the Westgat, was reported to run through the centre on the Banjaard, cutting off a new shoal called the Noordland. All these new channels were probably fed by the ebb current coming from the Hammen channel, which no longer flowed straight into the Roompot. During all this time the Roompot and Hammen channels deepened continuously (Beekman, 2007) . Overall, the development of the Eastern Scheldt outer delta from the 16 th century onward is characterized by a shift from an updrift 3 -oriented system with a single main channel to a more centrally oriented system. A cause for this shift could be the increase in intertidal area in the back of the basin after the floodings in 1530 A.D. This could have caused an increase in the phase difference between the horizontal tide in the inlet and the horizontal tide flowing alongshore, pushing the main channels downdrift (Sha & Van den Berg, 1993) . The increase in tidal prism probably also amplified the creation and deepening of new channels. 
Method and model
Reconstructing basin geometries
To assess the effect of different basin geometries on the tidal hydrodynamics, six schematized basin geometries were reconstructed for five different periods in the basin's history. These reconstructions were then implemented in a depth-averaged Delft3D-model in order to calculate horizontal tides, tidal volumes, propagation speeds and tidal deformation. It was not our goal to reproduce historical tides exactly; we were merely interested in the differences in tidal volumes and propagation speed between different basin geometries. Furthermore, there is hardly any information available on the tide inside the Eastern Scheldt before the 19 th century. Therefore, the water levels and discharges in the model in this study are not calibrated to known values in any way.
All geometries consisted of two parallel rectangular basins with a 10 km long and 2 km wide connection in the middle. The northern basin was modeled to be analogous to the Grevelingen basin. In the same way the southern basin was modeled after the Eastern Scheldt. The total size of the basins (A b ) was deduced from records on land reclamations and inundations (Figure 2 ). For the pre-1530 flood situation both basins (north and south) were approximately 50 km long and 7 km wide and had the same ratio between flat area and total area (A f /A b =0.4 according to Eysink, 1991) . The flats on both sides of the central channels have a linear slope. The equilibrium average height h f of the flats was determined according to the following empirical relation (Eysink, 1990) :
where 2a is the local tidal range. At the landward end of the basin the depth of the main channel below mean sea level was taken equal to the local low water level, and increased linearly to a pre-determined depth at the mouth. For the pre-1530 situation there are very few reliable reports on the depth across the mouth. Most sources speak of a depth between 10 and 15 meters (Beekman, 2007) . In this study a depth of 14 meters was chosen to start with for both basins (Case 1). The large-scale inundations of 1530 were modeled in Case 2 by adding 190 km 2 of intertidal area to the banks of the southern basin (140 km 2 in the landward part, 50 km 2 in the mouth area). The height of the flats and the depth of the channels were left unaltered in order to make this second geometry resemble an instantaneous inundation. In the subsequent cases (Cases 3 through 6) the large-scale land reclamations were modeled by removing intertidal area from the banks of the southern basin ( Table 1 ). The northern basin was kept unaltered for all cases. The depth of the connection channel between the northern and southern basin was kept at 2.5 m below mean sea level for all cases except for Case 6. In this last case, the depth of the connection channel was increased to 10 m. 
Boundary conditions
The boundary conditions for both basins were prescribed as water levels. Both basins were forced by a cyclic tide with a period of 12.5 hours. This tide consisted of a semi-diurnal component plus its fourth-and sixth-diurnal overtides. The amplitudes and phases for all these components were deduced for both inlets from present day tidal measurements taken roughly 10 km seaward of the Grevelingen and Eastern Scheldt inlets (Table 2 ). This implies that the tides outside both basins have not changed much over the centuries. For all cases a uniform Manning-roughness coefficient of 0.028 was used. 
Results
Development of tidal volumes
The effect of the instantaneous enlargement of the intertidal area (Case 2) was that the tidal volumes at the southern mouth increase, but only by less than 2 percent (Table 3 ). This minor increase relative to the size of the inundation may seem counter-intuitive but was an effect of the decrease in tidal range, which counteracted the effect of the increase in storage area. Although at the mouth the tidal volumes stayed more or less the same between Cases 1 and 2, more inland the changes were much larger. At the location of the connection channel the tidal volume increased by 11 percent. This means that while the depth at the mouth might not change much, the middle part of the basin should begin to scour directly after the inundation. The results of Case 3 show that once the middle part of the basin was deepened, the mouth saw a large increase in tidal volume (17 percent increase). This increase led to more scour along the basin, which again led to more tidal volume. This is seen in Cases 4 and 5. The results from these two models also show that the decrease in basin area between these two cases takes away some of the tidal prism. Nevertheless, this decrease is not enough to counter the effect that the scouring has on the tidal range.
The southern basin in Case 1 has a hypsometry with a relative depth and an intertidal storage volume such that, according to Friedrichs & Aubrey (1988) , the basin should only have a very slight ebb dominance. The ebb and flood durations computed for Case 1 seem to validate this (Table 3 and Figure 6 ). With this hypsometry the ratio between the propagation speeds of the high and low water phases is almost 1, which means that high and low water propagate at almost the same speed. In Case 2, the duration of the flood period decreased sharply in response to the inundation all along the southern basin (Figure 6 ). This seems counter-intuitive, since various other studies have shown that an increase in intertidal area leads to an increase in flood duration (e.g. Friedrichs & Aubrey, 1988; Van der Spek, 1997; Dronkers, 1998) . According to the new hypsometry, the propagation speed of low water should have increased relative to high water. However, the decrease in flood duration in the model indicates a high water phase which is propagating faster than in Case 1.
The same kind of inconsistency with the prevailing theory on the relation between flood dominance and hypsometry was seen in Cases 4 and 5. The configuration of Case 5 was the same as Case 4, only with decreased intertidal area (simulating land reclamation). A decrease in intertidal area should have decreased the flood duration. However, in Case 5 the opposite occurred.
The probable cause for the decrease in flood duration seen in Case 2 is the way in which the depth of the central channel is implemented. In Case 1 the depth of this main channel at the landward end of the basin is set equal to the local low water level. However, this would mean that at this point the low water phase has no velocity since the water depth is zero. This causes the ratio between the propagation speeds of the high and low water phases to become very large locally.
Location of the tidal divide
For this study the tidal divide is defined as the location within the connection channel where there is a minimum in tide-averaged flow magnitudes, and also where the flow direction reverses. In the situations before and shortly after the increase in basin area (Cases 1 and 2) the tide-averaged flow velocities showed a distinct minimum in the middle of the connection channel halfway between both basins (Figures 7 and 8) . When the main channel in the southern basin was deepened (Cases 3, 4, and 5), the location of the divide started to move north, although only by 500 meters at the most. Only after the connection channel itself was deepened from 2.5 to 10 m in Case 6 did the tidal divide move out of the connection completely. In Figure 7 this disappearance of the divide is also observed by the change of orientation of the jet coming out of the connection on the northern side. The location of the tidal divide did not seem to be very sensitive to the deepening of the southern basin. This is probably because not only the surface elevation phase difference over the connection increases, but also the amplitude ratio. If only the amplitude increases at the southern side while the phase stays the same, the location of the divide should actually shift south (Wang, 2009) . This means that the decrease in phase at the southern side of the connection was mostly counteracted by the increase in the amplitude of the surface elevation.
The tidal volumes and the residual flow through the connection initially decreased dramatically in response to the inundations in the southern basin (Table 3) . However, the scouring of the Eastern Scheldt caused these values to recover quickly. Case 4 already produced flows across the connection which were larger than the initial situation in Case 1, which means that from this point onward the connection channel was likely to scour. It is also noteworthy that a decrease in intertidal area in the southern basin caused these volumes to increase even more. This means that the scouring of the connection channel between the Grevelingen and Eastern Scheldt basin was not primarily an effect of the decrease in phase and the increase in amplitudes at the southern side. Instead, it was more an effect of the increase in tidal volumes through the connection channel, which was further amplified by the reclamation of intertidal area. For the Eastern Scheldt, the location of the tidal divide is much more sensitive to the depth than the boundary conditions. Therefore, the scouring is likely to have caused the disappearance of the divide. 
Tidal currents in the inlet
According to a detailed Delft3D-model of the modern-day situation, the alongshore current at the location of the Eastern Scheldt is almost in phase with the vertical tide in the inlet. Therefore, a shift in phase between horizontal and vertical tide in the inlet would also mean a shift in phase between horizontal alongshore and cross-shore tides. If the theory of Sha & van den Berg (1993) applied in the situation of the Eastern Scheldt, the shift on the ebb-tidal delta should have corresponded with an increase in phase difference between the horizontal tide in the inlet and the horizontal alongshore tide. However, the modeled geometries for the periods directly after the floods produced a decrease rather than an increase in phase difference ( Figure 9) . Overall, the shifts in phase were not very large, and it is therefore unlikely that this is the cause for the shift in channel configuration across the ebb-tidal delta. It is possible that the creation and abandonment of the channels across the Banjaard shoal were merely the effect of the general increase in tidal prism through the inlet. As the ebb-tidal delta growed in response to this increase, the channels became not only deeper but also longer. At some point they became too long, and a new channel will have formed which was more hydraulically efficient. This process has also been observed during the construction of the dams in the back end of the basin in the 1960s and 1970s. These dams, which were part of the so-called Deltaplan, also caused an increase in tidal prism, and in response to this, the Oude Roompot channel straightened and became directly connected to the Westgat. A similar process might have created most other channels on the ebb-tidal delta.
Conclusions
Both the historical observations and the modeled cases presented in this paper support the theory of a basin evolution dominated by an exporting trend, with continuously increasing tidal prism and continuously deepening channels. This trend has been set in motion by the inundations in the 16 th century, and the land reclamations since then have not been able to decrease the tidal prism and probably only amplified the exporting trend. Even if the peculiar shortening of the flood period after the inundations observed in the model occurred in reality, it would not have influenced the evolution on the longer time scale. The main channels will still scour, and the tidal asymmetry seems to be much more sensitive to the depth of the channels than the amount of intertidal area. As a result of this scouring, the tidal divide between the Eastern Scheldt and the Grevelingen has disappeared, but only after the residual flow across this tidal watershed had increased, and the connection channel itself had scoured to greater depth.
The evolution of the ebb-tidal delta of the Eastern Scheldt between the 16 th and 20 th century was mostly governed by the continuous increase in tidal prism. This increase has led to not only a general increase of the sediment volume of the outer delta, but also to the development of the various channels running through this area. The orientation of these channels does not seem to be influenced much by the developments within the basin.
The phenomenon of increasing flood dominance with increasing intertidal area in this case is still not well-understood. Besides from this, the model described in this paper does not describe sediment transport in any direct way. Therefore, it would be worthwhile to study the historical evolution of the Eastern Scheldt with a morphological model.
